Cellular energy substrates and metabolites, electrolytes, oxygenation, and acid-base balance, in arterial and coronary sinus blood of seven adult patients who died after valvular replacements, were studied and compared with these measurements from five patients having aortic replacement who survived. Six of the patients were in New York Heart Association class IV. All but one died within 24 hr of acute circulatory failure, with excessive bleeding being a contributing factor. Plasma potassium and osmolality remained higher in the first postoperative hours in nonsurvivors. Ketone bodies, growth hormone, and lactate levels rose precipitously as shock became severe. Increased arterial blood osmolality and potassium, plus a still-rising lactate concentration, were evident 2 hr after operation in patients who died in the next 24 hr. Low cardiac output, hyperosmolality, and the degree of lactic acidosis were the only early changes predicting the fatal outcome. follow these metabolic changes until death in seven critically ill patients who died after valvular surgery. They were the nonsurvivors from a group of 85 patients2-7 in whom we have studied the myocardial and whole-body metabolic response during and after wholebody perfusion for repair of acquired and congenital lesions. The data from analysis of arterial and coronary sinus blood, and from cardiac output, from these nonsurvivors are compared with those from five patients who survived aortic valve replacement. Our purpose was to ascertain whether changes in metabolism could be detected early in postoperative shock, and possibly lead to better and successful treatment.
follow these metabolic changes until death in seven critically ill patients who died after valvular surgery. They were the nonsurvivors from a group of 85 patients2-7 in whom we have studied the myocardial and whole-body metabolic response during and after wholebody perfusion for repair of acquired and congenital lesions. The data from analysis of arterial and coronary sinus blood, and from cardiac output, from these nonsurvivors are compared with those from five patients who survived aortic valve replacement. Our purpose was to ascertain whether changes in metabolism could be detected early in postoperative shock, and possibly lead to better and successful treatment.
Methods

Information on Patients
Clinical details on the seven patients and their operative courses are shown in table 1 . All were in New York Heart Association functional class IV, except patient 6 who was in class III. All had MOFFITT ET AL. liters/min/m2 at 30°C except for patient 7 (36°C). In all cases involving aortic valve replacement direct perfusion of both coronary arteries was done, except in patient 2 in whom the right coronary artery was not able to be cannulated. The priming solution for the vertical sheet oxygenator was two-thirds acid-citratedextrose (ACD) blood diluted with 5% dextrose in 0.45% NaCl and tris(hydroxymethyl)aminomethane (THAM). All valve prostheses were of the Starr-Edwards type.
Protocol
Arterial blood was drawn before induction of anesthesia, with the patient breathing air. After thoracotomy, a small catheter was inserted deep into the coronary sinus, initially via the right atrium and after the onset of perfusion through the wall of the coronary sinus. Serial samples were taken simultaneously of arterial and coronary venous blood throughout perfusion and operation, and postoperatively for 3 days. The fractional concentration of 02 in inspired gas (F102) was 0.4-0.5 during anesthesia, 0.98 during perfusion, and 0.4-1.0 from the ventilator after operation.
Biochemical analyses of blood were performed as previously outlined,2 for electrolytes (Na, K, Analyses of paired data were performed by the Student t-test in the nonsurvivor group, comparing arterial to coronary sinus levels at each sample time and subsequent arterial levels to the control taken before anesthesia. Comparisons between arterial levels in the nonsurvivor and survivor groups were also made (unpaired data) using the t-test. Only differences significant at the 5% level, or greater, are reported.
Results
Mean concentrations of variables in arterial and coronary sinus blood, plus cardiac index, for both groups are shown in figures 1-5, with identification of significant arterial-coronary sinus differences.
Nonsurvivor Group
Mean arterial Po2 (Pao2) remained above the preanesthetic level all of day 1, while oxygen content was below control early in perfusion from hemodilution. Arterial PCo2 (Paco2) was below and pH above control during perfusion; buffer base was below control 2 hr postoperatively. Plasma sodium fell during perfusion, because of dilution. Plasma osmolality, potassium, and calcium became elevated above control on beginning perfusian and remained so through the morning of day 2, instead of decreasing shortly after the end of operation as in the other group. Blood glucose increased before perfusion without any being infused; the high level in the priming solution caused elevated blood levels through the remainder of day 1. IRI increased from the end of perfusion through the end of operation. NEFA were higher than control before and during perfusion but fell shortly after perfusion. Ketone bodies were elevated before and during perfusion and became extremely high preterminally. Growth hormone had two periods of increase: at the end of operation, and then an even higher one preterminally on the next morning. Cardiac index was lower 2 hr postoperatively than before perfusion. Lactate increased steadily from preperfusion, with a marked elevation before death. Mean volume of drainage from chest tubes from the end of operation until midnight for the nonsurviving patients was 2,280 ml, while blood replacement averaged 3,230 ml for that period. In comparison, mean volume of chest drainage in the aortic valve replacement group for the same period was 850 ml.
Discussion
Several factors contributed to the fatal outcome. These patients were critically ill, in advanced stages of their disease. In every case but one, more than replacement of one valve was required, with five of the perfusions lasting over 2 hr. The hearts were grossly enlarged with reduced contractility. Cardiac index before perfusion averaged below 2 liters/min, and the sizeable increase in index seen with stronger hearts after valve replacement did not occur. The mean index 2 hr after operation, of 1.2 liters/min, revealed the severity of cardiogenic depression present early in the interval between operation and death. All resuscitative measures were ineffective, and ventricular arrhythmias were prominent in the final hours.
Though death was attributed to myocardial and circulatory failure, an additional critical factor was excessive bleeding. During and after these longer perfusions more blood than usual had to be transfused in the operating room. Impaired coagulation of blood continued postoperatively. Reopening of the thoracotomy was necessary in one patient and acute tamponade occurred in another, so that tamponade may have been primarily responsible for the demise of these two patients. The mean volume of chest drainage for the first 10 hr was four times that during 24 hr after multivalvular replacement in another series. '1 Circulation, Volume XLIV, August 1971 With the circulation precarious from poor myocardial contractility, the adverse effects on the heart of large amounts of ACD blood, and retention of blood in the pericardium, proba--bly served to tip the scale against survival.
Both oxygenation and acid-base balance of the arterial blood remained satisfactory in relatively prolonged cardiogenic shock in patients on ventilators. The extreme degree of extraction of oxygen by one tissue, the myocardium, is evident from the low oxygen content of coronary sinus blood. Little evidence of electrolyte exchanges across the heart was detected. The only consistent finding was a higher coronary sinus content of sodium, possibly due to a loss of water from blood to myocardium. Evidence of water loss from blood to the interstitial space, or of solute entering the plasma, appears in the increased osmolality postoperatively. Patients progressing well in the first 24 hr after operation diurese both water and potassium,'2 and often need extra potassium to avoid or treat ventricular hyperirritability. However, the patient in shock develops hemoconcentration, elevated plasma potassium, high catecholamine levels, and, as in these patients, arrhythmias. Another explanation for the elevated plasma potassium may be the excessive amount in the large volume of whole blood transfused.
The effects of cardiogenic shock on energy metabolism are multiple, with a host of interrelated actions and feedback effects. KOBAYASHI It is known that, when the vectorcardiogram is observed in a single plane, the greatest accuracy in interpretation is attained by using the horizontal plane.4 In order to obtain the "color vectorcardiogram," therefore, a vector loop in the horizontal plane was usually employed. In cases in which the amplitude of the deflection in the Y axis was unusually large or unusually small, the sensibility to the voltage in the Y axis was respectively decreased or increased to such an extent that differences in color of the spots could be readily appreciated.
We think that the use of these procedures, as compared with the use of three-plane vectorcardiograms, can remove the abovementioned complication in the graphic interpretation, without greatly diminishing the accuracy.
